Nostoc sp. BTA87 was procured from National fresh water cyanobacterial and microalgal repository of IBSD-DBT, Imphal, Manipur, India. This was identified as Nostoc muscorum based upon morphological characteristics and 16S rRNA gene sequence analysis. Cultivation of organism under two cultural conditions indicated that phycobiliproteins enhanced under dialyzed conditions in comparison to non-dialyzed conditions. Red light was more effective to green and blue light for enhanced production of phycocyanin and allophycocyanin whereas phycoerythrin was produced more under green light in dialyzed condition. The optimum pH for maximum production of all the three components of phycobiliproteins was 8.0. The results clearly indicated that the production of phycobiliproteins can be enhanced by cultivating cyanobacterium in dialyzed conditions at pH-8.0 under optimum light quality and Nostoc muscorum can be a potential candidate for the commercial production of phycobiliproteins.
INTRODUCTION
Cyanobacterial phycobiliproteins have gained considerable importance in the commercial sector. In general, cyanobacteria remain as potential sources for further investigations as prospective and excellent sources of biologically active constituents produced during primary and especially secondary metabolism [1] .
Phycobiliproteins from these organisms show potential applications as natural food colorants. These are common lightharvesting proteins with chromatic sensors, which are non-toxic and non-carcinogenic natural food colorants, a much needed alternative to the widely used synthetic food colorants/additives having toxicity and carcinogenicity [2] . Besides food and drug industry, these also have potential in cosmetic preparations by replacing the synthetic dyes [3] . The potential of cyanobacteria for commercial production of phycobiliproteins has been reported by many workers [2, 4, 5] . Environmental variables particularly light can influence the rate of photosynthesis and growth of cyanobacteria as these are photoautotrophs [6] .
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Telefax: +91 385-2446120/21 /22 Light quality has been reported to have a strong influence on light harvesting system of these organisms [7, 8, 9] . When exposed to different light colors, many cyanobacterial species are able to adjust the composition of their phycobiliproteins through a process known as chromatic acclimation or adaptation [10] .
In addition to light, the pH of the medium determine diversity, distribution, abundance and growth of cyanobacteria in various freshwater and terrestrial ecosystems, and also influence the metabolic or biochemical activities in laboratory cultures [11, 12] . This variable can also influence the composition and content of phycobiliproteins. Modulation of the environmental variables can influence and in turn regulate the biomass productivity and phycobiliprotein yield.
Dialyzed cultures typically exhibit high rates of photosynthesis and growth, besides a considerable increase in the duration of the stationary stage.
The small volume of the dialysis bag also helps to maintain high concentrations of physiologically active cells, which are promising for diverse applications. In view of this, present study was undertaken to analyze the effect of different quality of light and pH on phycobiliprotein production from Nostoc muscorum under dialyzed condition. Microscopy and 16S rRNA gene sequencing was also carried out for the authentic identification of the studied organism.
MATERIALS AND METHODS

Organism and growth conditions
Nostoc sp. BTA87 was procured from the Freshwater cyanobacterial and microalgal repository (National Facility, Department of Biotechnology, Govt. of India) of IBSD, Imphal, Manipur, India. A known biomass of Nostoc sp. BTA87 was inoculated in nitrogen deficient BG-11 (-N) medium and incubated for 15 days under standard cultural conditions. Fresh biomass from exponentially grown cultures was harvested by centrifugation at 5800 X g for 10 min and incubated in dialysis bag prepared using dialysis membrane (Dialysis membrane-110, 32.34*21.5 mm, HiMedia, India) submerged in aspirator bottle containing known volume of same medium. For control conditions, similar amount of biomass was inoculated directly in the aspirator bottle having BG-11 (-N) medium. Growth was determined through chlorophylla estimation [13] under dialyzed and non-dialyzed conditions.
Microscopic observations, 16S rRNA gene sequencing and phylogenetic tree construction
The purity of the obtained strain was checked microscopically using Carl Zeiss fluorescence microscope, Axio Scope A1 coupled with Carl Zeiss software AxioVision 4.7.2 followed by taxonomical characterization following standard keys [14] . The identification was authenticated by using 16S rRNA gene sequencing. Genomic DNA was isolated according to the modified xanthogenate method [15] . Partial 16S rRNA gene sequence was amplified employing universal primers (Integrated DNA Technology, India) namely 536F 5'-GTGCCAGCAGCCGCGGTRATA-3' and 1488R 5'-CGGTTACCTTGTTACGACTTCA CC-3' [16] . A total of 50 μl of PCR reaction mixture was prepared having 5 μl of 1X Taq buffer, 5 μl of 200 μM of each deoxynucleotide, 1.5 μl of 0.3 μM of each forward and reverse primer, 0.25 μl of 5U Taq DNA polymerase and 2 μl of DNA extract. The PCR conditions were set for 28 cycles with initial denaturation at 95ºC for 5 min then final denaturation of 95ºC for 1 min, annealing at 55ºC for 1 min and final extension at 72ºC for 2 min using Thermal cycler (Mastercycler gradient, Eppendorf, Germany). The PCR product was detected with standard agarose gel electrophoresis (Elchrom Scientific GEPS 200/2000, Switzerland) and quantification of PCR product was done with Biospectrometer (Eppendorf, Germany). Sequencing of the quantified 16S rRNA PCR product was done at National Centre for Cell Science (NCCS), Pune, India and subsequently, BLAST analysis (http://www.ncbi.nlm.nih.gov) was carried out. Neighbour Joining method was used for analysis of 16S rRNA gene sequence and phylogenetic tree construction by Kimura 2-parameter taking 1000 replicates as bootstrap value by using MEGA 4.0 software [17] and Synechococcus sp. PCC7918 was used as an outgroup taxa.
Extraction and estimation of phycobiliproteins
Biomass was harvested from 30 days old culture by centrifugation at 5800 X g for 10 min and phycobiliproteins were extracted following the method of [7] using phosphate buffer (pH 7.0) and repeated freezing and thawing. The concentration of phycocyanin (PC), allophycocyanin (APC) and phycoerythrin (PE) was determined spectrophotometrically (UV-1800 Spectrophotometer, Shimadzu, Japan) in the supernatant and 
Phycobiliprotein production under varied light quality and pH of the medium
To understand the effect of different light quality on phycobiliprotein production, a known amount of wet biomass placed inside the dialysis bag was put into aspirator bottles wrapped with green, yellow, red and blue cellophane papers. One aspirator bottle was kept uncovered under same experimental conditions to represent the control. Incubation was done at 28±2ºC under a light intensity of 54-67 µmol photon m 2 /s with 14/10 h light and dark period provided by cool white fluorescent tubes fitted with photoperiodic timer (Saveer Biotech Limited, India) coupled with room temperature controller. The same experimental condition was set up with varying pH (6.5, 7.0, 7.5, 8.0 and 8.5) of culture medium to study its effect on phycobiliprotein production. The medium was changed daily to allow continuous supply of nutrients for the growing culture.
RESULTS
Microscopic observations, 16S rRNA gene sequencing and phylogenetic tree construction
The identification of the studied organism was confirmed as Nostoc muscorum on the basis of microscopic parameters. It exhibited a filamentous habit with distinct sheath only at the periphery of the thallus and the thallus was dark green in color, gelatinous-membranous, irregularly expanded. Thalli were tuberculate and attached at the lower surface. Cells were cylindrical (5.23 x 5.20 µm), rarely barrel shape with intercalary and spherical heterocysts (4.05 x 3.45 µm) with the ends rounded ( Figure 1) .
A total of 6 partial 16S rRNA gene sequences of same strains and 2 sequences each of Anabaena sp. and Calothrix sp. were retrieved from the NCBI GenBank database and the 16S rRNA partial sequence compared with the representative cyanobacterium ( Figure 2) . A BLAST search performed resulted in the highest similarity score (97%) of Nostoc muscorum with Nostoc sp. PCC9426 and the topology was supported with a bootstrap value. The cluster was well supported by bootstrap analysis and partly reflected the morphological similarity of the organisms. The results indicated that the strains of Anabaena sp. were genetically closer. The distance in the tree indicated the evolutionary relationships between the studied strain and Nostoc sp. originating from distinct geographical sites. Microscopic observations and 16S rRNA gene sequence authenticated the identification of the cyanobacterium as Nostoc muscorum. The partial 16S rRNA gene sequence was submitted to NCBI GenBank (accession number KF953527). 
Phycobiliprotein production in dialyzed culture and nondialyzed culture
The organism exhibited an exponential phase from 7 days till 15 days followed by a stationary phase after 20 days of incubation. In the present study, 30 days old dialyzed culture was used to assess the growth and phycobiliprotein production. Total phycobiliproteins production was higher in dialyzed culture (235.91 µg/mg) than non-dialyzed culture (86.86 µg/mg).
Effect of light quality on phycobiliprotein production
The quality of light for the cultivation influenced the phycobiliprotein production significantly. Red light showed higher production of phycocyanin (84.94 µg/mg), allophycocyanin (33.71 µg/mg) followed by phycocyanin (81.66 µg/mg) and allophycocyanin (33.29 µg/mg) production in green light. Allophycocyanin production (27.78 µg/mg) was reduced in blue light. The phycoerythrin production was high in green light (3.87 µg/mg) than red light (2.46 µg/mg) ( Table 1) . 
Effect of pH on phycobiliprotein production
A pH of 8.0 was observed to be optimum (PC-325.00 µg/mg, APC-208.02 µg/mg and PE-55.75 µg/mg) for highest production of different components of phycobiliproteins in Nostoc muscorum (Figure 3 ). The phycobiliproteins production was lowest at a pH of 6.5 (PC-55.86 µg/mg, APC-17.32 µg/mg and PE-13.68 µg/mg) and at pH 8.5, the components of phycobiliproteins decreased and varied (PC-279.24 µg/mg, APC-121.82 µg/mg and PE-49.37 µg/mg). 
DISCUSSION
Phycobiliproteins have been reported to have immense potential for use in the pharmaceutical and food industries [18, 19, 20, 21] ; however their economically viable production on a large scale has been a challenging endeavour. The identification of the experimental organism was authenticated by microscopic examination and 16S rRNA gene sequence analysis. The identified organism as Nostoc muscorum showed 97% similarity with Nostoc sp. PCC9426 and the clustering was well supported by bootstrap analysis.
In the present study, the effect of light quality and pH on phycobiliprotein production was investigated in Nostoc muscorum KF953527 cultivated in dialysis bags. Dialysis cultivation technique was adopted since it adds to the enhancement of total phycobiliproteins production which yield higher amount (235.91 µg/mg) than non-dialyzed culture (86.86 µg/mg). Cultivation of cyanobacteria in dialysis bag enhanced stationary phase of the culture and increased the yield of phycobiliproteins. It is well known that a culture grown in dialysis bag is characterized by an increased duration of the stationary phase and some physiological parameters, such as the rate of photosynthesis and concentrations of pigments are enhanced during the course of experiment [22] . It was reported that upto 80% of the population of Anacystis nidulans in a batch culture after reaching the stationary phase was represented by an increased content of dead cells whereas dialysis culture consisted of metabolically active cells [23] .
The analysis of components of phycobiliprotein indicated the influence of the quality of light on phycobiliprotein production. The phycocyanin (84.94 µg/mg) and allophycocyanin (33.71 µg/mg) contents were higher under red light, however, the phycoerythrin (3.87 µg/mg) content was more in green light. Therefore, the studied strain Nostoc muscorum adjusts the phycobiliproteins composition in response to the light quality, in order to use the light source most effectively for photosynthesis and other related activities. The results are in accordance with the reports on Nostoc flagelliforme by [24] as large number of cyanobacteria can change their composition of photosynthetic pigments by chromatic adaptation as these organisms have probably evolved mechanisms to modify their photosynthetic machinery in response to spectral quality of light. [25, 26] reported white light for Anabaena sp. and green light for Nostoc sp. as most promising for the phycobiliproteins synthesis. Light shift from white light to red light increased the phycocyanin and chlorophylla synthesis of Anacystis nidulans [27] . Phycocyanin production showed a maximum induction of 3.3 fold under red light in Fremyella diplosiphon [28] . Red light grown cultures of Calothrix sp. (strain 7601) and Spirulina platensis also showed enhanced phycobiliprotein production [26, 29] . Red light or blue light was essential for phycocyanin production of Synechococcus sp. NKBG 042902 [5] . Similar findings were obtained in Westiellopsis iyengarii [30] , where the phycocyanin production was high in red light (0.005 µg/mg). Similar result was also obtained in the present study, that the culture grown in white light produced 55.86 µg/mg and increased the production of phycocyanin upto 84.94 µg/mg after the red light treatment. The study by [31] reported that phycocyanin, allophycocyanin and phycoerythrin was abundant in both Synechococcus sp. (32) coincided with the present study showed highest phycocyanin production (14.9 µg/mg) during red light treatment which gradually decreased in green (3.7 µg/mg), blue (3.5 µg/mg) and white (2.1 µg/mg) light grown conditions. Similar results have been reported by (32) in which phycoerythrin production was found to be highest (0.04 µg/mg). The effect of chromatic light on phycobiliproteins induction was reported as strain specific [25, 26] . Most cyanobacteria optimized the harvesting of light for available irradiance and spectral composition by modulating their antenna pigments which assures photoprotection. Changes in the pigment composition are usually due to differences in the relative rate of synthesis and total amount of phycobiliproteins [33] .
Phycobilisomes adapt to the quality of light, through a complex process, which enable them to change the phycocyanin/ phycoerythrin composition so that the available wavelengths can be efficiently absorbed [34] . Green light was seen to be suitable for enhanced phycoerythrin synthesis in Nostoc muscorum. The results suggest that Nostoc muscorum can modulate the synthesis of PC and PE in order to use the available light optimally and APC-containing core structures of phycobilisomes do not appear to change significantly during chromatic adaptation. In another study, [35] reported that allophycocyanin synthesis was independent to spectral light. In contrast to the present findings, [36] showed that phycocyanin synthesis in Nostoc sp. was highest in white light.
In summary, during complementary chromatic adaptation, only the inducible phycocyanin gene set modulates its gene expression depending on the light quality [37] . The enhanced production of different components of phycobiliproteins under different light quality is because putative photoreversible pigments respond to red and green light, and regulate the expression of phycoerythrin and phycocyanin-II operons through a system involving reversible phosphorylation of DNA-binding [38] . Regulation of phycobiliproteins expression in green light and red light requires either two different photoreversible photoreceptors or a common photoreceptor that initiates two significantly different signal transduction pathways [27] . The results suggest that Nostoc muscorum can modulate the synthesis of phycocyanin and phycoerythrin in order to use the available light optimally and allophycocyanin-containing core structures of phycobilisomes do not appear to change significantly during chromatic adaptation.
pH is an important factor which not only determines diversity, distribution, abundance and growth of cyanobacteria in various freshwater and terrestrial ecosystems, but also influence their metabolic or biochemical activities considerably in laboratory cultures [11, 12] .
Highest production of phycobiliproteins was recorded at an optimum pH of 8.0 in Nostoc muscorum; this finding was consistent with the reports on Synechocystis sp. [39] , Anabaena NCCU-9 [25] . The pH was considered as an important factor in regulating phycobiliprotein production in Synechocystis PCC6701 and Gloeocapsa [40] . On the other hand, the increase in pH from 7.0 to 9.0 can increase the total phycobiliprotein content in Nostoc sp. UAM206 [41] and the cyanobacteria are known to prefer neutral to slightly alkaline pH for optimum growth [42] . The extreme pH may cause internal electrostatic attraction by changing the charge on protein giving net positive charge and at this stage protein can open up and bound solvent is lost which results in the denaturation of proteins [43] .
CONCLUSIONS
The present study clearly indicated that the production of phycobiliproteins (235.91µg/mg) in dialysis bag grown cultures was more as compared to non-dialyzed culture (86.86 µg/mg) during the stationary phase than the culture grown in normal control conditions. Nostoc muscorum adapted chromatically and produced more phycocyanin and phycoerythrin in red light and allophycocyanin in green and red light. An increase in biomass and phycobiliproteins of this organism was observed under pH 8.0. This study provides valuable information for upscaling of optimized protocols in terms of light quality and pH of medium for commercial production of phycobiliproteins.
